Abstract. The magnitude, direction and symmetry of intraguild predation (IGP) between the developmental stages of the aphidophagous Harmonia axyridis Pallas and Coccinella undecimpunctata L. were characterized and compared. Mobility and body weight were the main factors affecting the magnitude of IGP.
INTRODUCTION
Intraguild predation (IGP) is the killing and consumption of a species that uses similar resources and therefore a potential competitor. It is a common and often important interaction. In a diverse array of communities, IGP occurs among members of the same guild (Polis & Holt, 1992) . The aggressor is the intraguild predator (IG predator), the victim the intraguild prey (IG prey) , and the common resource is the extraguild prey (Lucas et al., 1998) . IGP is considered to be an extreme form of competition or a type of classical predation that may affect the distribution, abundance and evolution of animal species. IGP not only provides an additional food resource for IG predators, but may reduce inter-or intraspecific competition and predation risk for the extraguild prey when mutual IGP occurs (Polis et al., 1989; Polis & Holt, 1992; Lucas et al., 1998; Yasuda et al., 2001) . IG prey populations may suffer local extinctions due to IGP, which is an important mortality factor (Lucas et al., 1998; Dixon, 2000) .
The two most important factors that determine the symmetry and direction of IGP are the size and degree of feeding specificity exhibited by the protagonists. IGP occurs mainly when generalist predators attack prey of smaller size, including conspecifics (Polis et al., 1989; Polis & Holt, 1992; Lucas et al., 1998) . The size of the prey generally increases with the size/age of the IG predator (Sabelis, 1992) , with smaller individuals being more vulnerable to large predators (Werner & Gilliam, 1984; Lucas et al., 1998) . In ladybird beetles, large species usually eat small species, which could result in asymmetrical interactions between two species (Obrycki et al., 1998) . A specialized predator should be less adapted to attack a nonpreferred prey, a disadvantage when confronted with a generalist predator (Lucas et al., 1998) .
The mobility of the protagonists also determines the direction of IGP as fleeing is a common and effective defence strategy (Edmunds, 1974; Sih, 1987; Lucas et al., 1998) . The sessile stages are vulnerable since they are more easily captured (New, 1991; Lucas et al., 1998) . Eggs are particularly vulnerable because they are laid close to aphids and so not too far from places visited by larvae and adults (Hemptinne & Dixon, 1991) .
Coccinella undecimpunctata L. is a native aphidophagous predator of the Azores where it can be found mostly by the sea (salt lands) on plants where it may feed also on flower pollen. Harmonia axyridis Pallas is a paleartic species and native of Asia (Iablokoff-Khnzorian, 1982) , and has not yet been introduced into the Azores. It is a very polymorphic ladybeetle in which some of the phenotypes differ in fitness (Soares et al., 2001 (Soares et al., , 2003 . This euryphagous predator prefers aphids (Hukusima & Kamei, 1970; Iablokoff-Khnzorian, 1982; Osawa, 1992) , but can feed on psyllids (Fye, 1981; Drea & Gordon, 1990) , coccids (McLure, 1987; Hodek & Hon k, 1996) , immature stages and eggs of Lepidoptera (Schanderl et al., 1988; Drea & Gordon, 1990 ) and spider mites (Drea & Gordon, 1990; Lucas et al., 1997a) . Laboratory tests have shown that it is a powerful biological agent for use against many phytophagous species. That this ladybird beetle can be successfully reared on the eggs of Ephestia kuehniella Zeller (Schanderl et al., 1988) makes it easy to produce in large number for inundative releases. However, its negative impact on native ladybird beetles and other non-target arthropods is rarely studied (c.f. Lucas et al., 2002) .
There are several studies on IGP between the immature stages of H. axyridis and other ladybird beetles (Takahashi, 1989; Lucas et al., 1997b; Yasuda & Shinya, 1997; Yasuda & Ohnuma, 1999; Kajita et al., 2000; Michaud, 2002) , but there are few on the direction and strength of IGP between all the developmental stages of H. axyridis and other predator species. The aims of this study were to characterize (i) the magnitude (ii) the direction and (iii) the symmetry of IGP between H. axyridis and C. undecimpunctata, (iv) evaluate the importance of body weight in determining the direction and strength of IGP and (v) assess the potential impact of the introduction of the exotic H. axyridis on the abundance of the native C. undecimpunctata. Because H. axyridis is a highly voracious euryphagous predator and is bigger than C. undecimpunctata, we predict that the former species will be the aggressor (IG predator) and C. undecimpunctata the victim (IG prey) in most of the interactions between their developmental stages, as previously shown by Lucas et al. (1998) . We also predict that as the difference in larval body weight increases, rate of predation by the H. axyridis should rapidly increase to an asymptotic maximum rate of predation.
MATERIAL AND METHODS
H. axyridis and C. undecimpunctata individuals came from a stock culture were reared at 22 ± 1°C, 75 ± 5% RH and a photoperiod of 16L : 8D, using fluorescent lamps (Philips ref.: TDL 23W/54 and TDL 18W/54). To avoid consanguinity and food adaptation, ladybeetles were fed ad libitum on a mixed diet (Rana et al., 2002) of the aphids Aphis fabae Scopoli and Myzus persicae (Sulzer) and eggs of Ephestia kuehniella Zeller, and field collected ladybeetles were added regularly to the stock culture.
Magnitude, direction and symmetry of IGP between all developmental stages (eggs, 4 larval stages, pupae and adults) of H. axyridis and C. undecimpunctata were characterized and compared. As there are no interactions between eggs and pupae, there are a total of 45 combinations. Larvae and adults used in the experiments were 24 h old. Prior to the beginning of the tests, second to fourth instars and adults were starved for 24 h and then weighed using a Mettler AM 50 analytical balance with a precision of 10 -4 mg. First instars larvae were not starved but were weighed before an experiment. After weighing, an individual of one species of ladybird was placed with one of the other species in a 2L transparent plastic box that contained a potted broad bean plant (approximately 15 cm tall) but no aphids. Five eggs were provided in the combinations that included eggs. Immobile stages (eggs and pupae) were placed on plant leaves, and mobile stages (larvae and adults) at the base of the plant. The second individual was released after the first moved up the stem. Twenty-four hours later, the box was checked to determine which individual had survived. There were 15 replicates of each combination.
The natural mortality of each instar of the two species was used as a control. A single individual of each instar was kept for 24 h in a 2L transparent plastic box with a broad bean plant without aphids. There were 3 replicates for each combination, which gave a total of 21 replicates of each mobile stage and 15 for the two sessile stages of both H. axyridis and C. undecimpunctata.
All trials were performed at 20 ± 1°C, 75 ± 5% of RH and a photoperiod of 16L : 8D, under fluorescent lamps (Philips ref.: TDL 23W/54 and TDL 18W/54).
IGP levels were estimated from the rates of predation for H. axyridis (RPha) and C. undecimpunctata (RPcu), which were calculated as follows:
where "P(cu,ha)" = number of individuals of C. undecimpunctata killed, "P(ha,cu)" number of individuals of H. axyridis killed, "SRcu" survival rate of C. undecimpunctata in control, "SRha" survival rate of H. axyridis in control and "N" number of replicates. Survival rates were calculated from the replicates in which single individuals were placed on plants for 24 h, the controls.
The symmetry index of Lucas et al. (1998) was used. This index expresses the number of replicates in which a given predator was eaten over the total numbers of replicates in which there was IGP, for each particular combination of predators.
Statistical analysis
The symmetry indices for each combination were compared with the theoretical index of 50% corresponding to a symmetrical interaction, using a Chi-square test (χ 2 , P < 0.05) (SPSS Production Facility, 2002) . The strength of the IGP between the two species for a given combination was assessed using the χ 2 and was considered (i) symmetrical, when the χ 2 value was not significant, which indicated that the rate of predation of the two species was similar, (ii) asymmetrical, when the χ 2 value was significant and (iii) not significant asymmetrical, when the χ 2 value was not significant but the rate of predation of the two species differed.
For each combination, the average body weights of H. axyridis and C. undecimpunctata were compared using a t-test (JMP IN ® 3.2.6 for PC, statistics made by SAS Institute Inc., 1989). One-factor ANOVA was used to compare larval predation rates both when H. axyridis and C. undecimpunctata was the IG predator (SPSS Production Facility, 2002) .
Gompertz and exponential functions were used to evaluate the effect of body weight on the rate of predation of the larval stages of both predators. Both functions were fitted to both data sets and the best fit chosen. When H. axyridis was the IG predator, the best fit to the relationship between rate of predation and the difference in the body weights of predator and prey was the Gompertz function (Laterra & Bazzalo, 1999) :
where "y" is the rate of predation, "x" is the difference in body weight between the larval stages of the two ladybirds, the value "A + C" is the asymptote of the model, "B" is the slope of the curve, "M" indicates the difference in body weight at the inflection point, and "ε" is the error associated with this fitting model. When C. undecimpunctata was the IG predator, the best fit was the exponential function (Zar, 1984) :
where "D" and "E" are the parameters of the exponential function and "ε" is the error associated with this fitting model. Both models were fitted using SPSS 1.5 non-linear estimation module.
RESULTS
In the significant asymmetrical combinations, H. axyridis was the IG predator 16 and C. undecimpunctata only 3 times. IGP was not significantly asymmetrical in 19 and symmetrical in one combination. In combinations that were significantly asymmetrical, the rate of predation ranged between 66 and 100%. The lowest rate (66%) occurred in the combination fourth larval stage of H. axyridis and pupae of C. undecimpunctata. In combinations that were not significantly asymmetrical, the rate of predation of IG predator ranged between 7 and 70%. The highest values of IGP occurred in combinations in which the IG prey was also occasionally the IG predator, such as when the first larval stage of C. undecimpunctata also fed on the second larval stage of H. axyridis (Fig. 1) .
Absence of IGP was observed 6 times, that is, no individuals fed on heterospecifics (Fig. 1) .
Eggs were the most vulnerable developmental stage. Significant asymmetrical IGP on eggs occurred when they were combined with second, third and fourth larval stages and adults of H. axyridis, and fourth larval stages and adults of C. undecimpunctata (Fig. 2) .
Larvae of both species attacked heterospecifics. In general, the rate of predation of the immature stages of H. axyridis was higher than that of the immature stages of C. undecimpunctata. Significant differences in rates of predation among instars were observed both when H. axyridis (ANOVA, F = 100.69, df = 4, P < 0.0001) and C. undecimpunctata was the IG predator (ANOVA, F = 75.1, df = 2, P < 0.0001). The relationship obtained between the rate of predation and the difference in body weight of the IG predator and prey when H. axyridis was the IG predator differed from when C. undecimpunctata was the IG predator. For H. axyridis a small difference in body weight relative to that of its prey results in a rapid increase in rate of predation (Fig. 3A) . This is less true for C. undecimpunctata (Fig. 3B) . At a difference in body weight of 1.74 mg H. axyridis has a high rate of predation (86%), and at greater differences there was no further increase (Fig. 3A) . However a high rate of predation (86%) was observed for C. undecimpunctata only when the difference in weight was 4 mg (Fig. 3B) .
H. axyridis adults weigh more than eggs and larvae of C. undecimpunctata and IGP between these ladybirds was always significantly asymmetrical. On the other hand, despite the significantly greater body weight of adult C. undecimpunctata compared to the eggs and larvae of H. axyridis, significantly asymmetrical IGP only occurred when adults fed on eggs. IGP between adults did not occur (Table 1) . Significantly asymmetrical IGP of fourth stage larvae of H. axyridis on pupae of C. undecimpunctata occurred. In this case, the difference in body-weight between the pupae of C. undecimpunctata (11.47 mg) and fourth larval stage of H. axyridis (10.78 mg) was approximately 0.7 mg (Table 2) .
DISCUSSION AND CONCLUSION
We characterized the direction and strength of IGP between all the developmental stages of H. axyridis and C. undecimpunctata under controlled conditions. There were differences in the direction and strength of IGP between these species. As predicted, in most combinations, H. axyridis was the IG predator.
Due to their immobility and relatively soft integument, eggs were the most vulnerable developmental stage.
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S -significantly asymmetrical; NS -no significantly asymmetrical; N -no IGP. *Body-weight differences of adults of H. axyridis and C. undecimpunctata relative to that of the other species developmental stages (t test p < 0.05). **t and p values for body-weight difference (t-test). S -significantly asymmetrical; NS -no significantly asymmetrical; N -no IGP. *Body-weight differences of pupae of H. axyridis and C. undecimpunctata relative to that of the other species developmental stages (t test p < 0.05). **t and p values for body-weight difference (t-test). Indeed several studies identify mobility as an important defensive strategy of prey (Edmunds, 1974; Sih, 1987; New, 1991; Lucas et al., 1998) . However, the immobility of pupae was not necessarily disadvantageous as H. axyridis pupae were almost invulnerable to IGP. When irritated pupae of H. axyridis show sudden movements and raise their body which along with their large size may account for their low vulnerability. C. undecimpunctata pupae rarely showed alarm responses, which is to disadvantage of this species. Other studies refer to the importance of body size in IGP, with the size of the prey generally increasing with the size of the predator (Werner & Gilliam, 1984; Polis et al., 1989; Agarwala & Dixon, 1992; Polis & Holt, 1992; Sabelis, 1992; Lucas et al., 1997b Lucas et al., , 1998 Obrycki et al., 1998) . Size, strength of the integument and distastefulness, make the pupal stage less vulnerable. Thus the immobility is not the only factor affecting vulnerability. Between larvae, the difference of the body weight of IG predator and prey determined the direction and rate of predation, in which large individuals generally killed small ones. The functions that best describe the relationships between the differences in body weight and rate of predation when H. axyridis and C. undecimpunctata are the IG predators differ, with significantly asymmetrical predation occurring when differences in body weight were 1.74 mg and 4 mg, respectively. When there was little difference in body weight between the IG predator and prey, H. axyridis showed a higher rate of predation than C. undecimpunctata. Young larvae, which are small and slow, were the most likely to be IG prey (see also Agarwala & Dixon, 1992) . The more aggressive behaviour of H. axyridis larvae might contribute to the differences, as shown previously by Yasuda & Ohnuma (1999) , who studied IGP between H. axyridis and Coccinella septempunctata L.
In all combinations of adults with larval stages and eggs, the adults were usually the predator despite the insignificant asymmetrical IGP of C. undecimpunctata on larval stages. The food specificity of predators is also an important factor influencing the outcome of IG interactions (Lucas et al., 1998; Obrycki et al., 1998; Yasuda et al., 2001) . This favours H. axyridis, as this species is a highly euryphagous predator.
A number of studies reveal that invading species, including H. axyridis, have a negative impact on native ladybird beetle assemblages. H. axyridis becomes dominant after its invasion or introduction to control pest insects. H. axyridis replaced C. septempunctata in Midwestern USA (Horn, 1996) , caused significant changes in the structure of native coccinelids communities in alfalfa, corn and small grain fields in North America (Evans, 1991; Elliott et al., 1996) and became dominant and replaced C. septempunctata in northern Japan after the aphids became scarce (Yasuda & Shinya, 1997; Yasuda & Ohnuma, 1999) . Competitive displacement of Cycloneda sanguinea (L.) was reported in the citrus ecosystem of Florida (Michaud, 2002) . Cannibalism, competition and IGP due to the aggressive behaviour of larvae possibly account for these replacements (Yasuda & Ohnuma, 1999) . Although there is no IGP between adults, they may interact negatively by interfering with one another when selecting oviposition sites (Lucas et al., 2002) and competing for food, etc. The significantly asymmetrical IGP of the oldest larvae of H. axyridis on the immature stages of C. undecimpunctata suggest that the introduction of the former may have a negative impact on the native populations of C. undecimpunctata in the Azores.
